Seasonal variations in vertical turbulent mixing rates, density structure, inorganic nutrient concentrations, and phytoplankton biomass were investigated in a shallow, tidally choked coastal lagoon. The project site, Rodeo Lagoon, is located in the Golden Gate National Recreation Area, California, and has experienced intense blooms of the cyanobacteria Nodularia spumigena and Microcystis aeruginosa in recent years. Monthly measurements collected along a transect of the lagoon from March 2006 to April 2008 show it is strongly stratified by brackish water in winter, when freshwater inputs from the watershed and saltwater inputs from storm surge are both at their highest. The squared buoyancy frequency exceeds 0.5 s 22 under these conditions. In summer, weaker diurnal temperature stratification is the result of strong light absorption characteristics in this hypereutrophic lagoon. Wind is the dominant driver of turbulent mixing. Although water depths of less than 2.5 m lead to the expectation of rapid vertical mixing, limited fetch and strong density gradients reduce the coupling of wind stress and bottom stress. The vertical turbulent diffusivity is reduced by as much as three orders of magnitude across the pycnocline, and the water column in and below the pycnocline shows active turbulence only intermittently. The annual cycle of salt-based stratification and accompanying reduction in turbulent exchange of nutrients between the sediments and overlying water column inhibit the flushing of nutrients out of the lagoon and contribute to excessive phytoplankton biomass.
Coastal lakes and lagoons suffer disproportionately from eutrophication and harmful algal blooms compared to other types of estuaries, with longer residence times and reduced tidal exchange typically causing this degradation (Bricker et al. 2008; Wilson 2008) . The shallowness of these lakes and lagoons, with most of the water column in the photic zone and an increased interaction between the sediment and the water column, also contributes to their high productivity (McComb 1995) .
Precisely because coastal lagoons tend to be shallow, they are often assumed to be vertically well-mixed for purposes of physical, chemical, and biological modeling. However, coastal lagoons vary considerably in their hydrodynamic forcing, with some having little energy available for maintaining a mixed water column. 'Choked' lagoons, with little to no tidal forcing, are instead reliant on wind forcing for mixing (Kjerfve and Magill 1989) . The classification ''Intermittently Closed and Open Lake and Lagoon'' (ICOLL) is often used to describe this type of system with its limited tidal connection (Roy et al. 2001) . When these systems become stratified by salt or temperature, despite being shallow, the loss of connection between the lower water column and atmosphere combined with high sediment oxygen demand predictably leads to hypoxia (Spooner 2005; Gale et al. 2006 ). Compared to tidal lagoons, this hypoxia can persist for much longer in ICOLLs and other types of choked lagoons, triggering release of ammonium and orthophosphate from the sediments and directly contributing to algae blooms (Davis and Koop 2006) . Density stratification of coastal lagoons, though somewhat unpredictable compared to the annual stratification cycle observed in large, deep lakes or the tidally induced stratification in estuaries, clearly contributes to water quality problems.
Despite the role of stratification and turbulent mixing in regulating water quality, there have been relatively few field studies involving turbulent mixing rates in highly stratified, low-energy systems such as coastal lagoons. The closest natural analogs are strongly stratified tidal estuaries, such as those studied by Peters (1997) and Etemad-Shahidi and Imberger (2002) . The latter assessed turbulent microstructure in the Swan River estuary under strongly stratified conditions and found turbulent events with relatively small energy-containing eddies, as quantified by the Thorpe scale; positive and negative buoyancy fluxes; and a low turbulent Froude number (Fr T , 1). Peters (1997) also found small Thorpe scales (, 1 cm) and a negligible vertical salt flux in the neap tide halocline of the Hudson River. Similarly, Stevens (2003) found turbulence strongly affected by buoyancy in the pycnocline of an estuarine embayment, with motions governed by internal waves. For all the estuarine studies listed above, the vertical and horizontal scales are much larger than those of the small lagoon discussed here.
Rodeo Lagoon is located adjacent to the Pacific Ocean ( Fig. 1 ) and within the Golden Gate National Recreation Area (GGNRA), north of San Francisco, California. The local Mediterranean climate features wet winters, dry summers, and summer marine fog. The lagoon is seasonally connected to the ocean via a channel in its northwest corner and is a choked, shallow, coastal lagoon according to the classification system proposed by Kjerfve and Magill (1989) . The connection to the ocean is sporadic; freshwater outflow occurs during the wet season, while seawater inflow occurs when large waves associated with winter storms wash over the beach berm. The lagoon is not tidal, although inflows and outflows are affected by tidal stage to a minor degree. The lagoon's maximum depth varies seasonally between 1.5 and 2.5 m, with an average surface area of 0.15 km 2 . The 12-km 2 watershed is almost entirely within the GGNRA and is largely undeveloped, though it has been subject to agricultural and military uses in the past (Striplen et al. 2004) .
Rodeo Lagoon can be classified as a hypereutrophic ecosystem (Barica and Mur 1980), with extremely high productivity, large fluctuations in dissolved oxygen, and limited water circulation. In 2007, the phytoplankton community was dominated by a succession of the toxigenic cyanobacterium Nodularia spumigena; centric diatoms; a second toxigenic cyanobacterium, Microcystis aeruginosa; flagellated protozoa; and a combination of chlorophytes and M. aeruginosa. The phytoplankton biomass peak, which occurs in late summer, produced chlorophyll a (Chl a) concentrations in excess of 1000 mg L 21 in 2007, with basin-wide hypoxia driven by decomposition following several weeks thereafter. Recurring hypoxia-driven fish kills are the consequence of this high productivity (Martin et al. 2007) , which motivated our study of the linkages between the lagoon's high productivity and its hydrodynamics.
Methods
Our research approach combined continuous monitoring of water quality on a weekly to monthly basis with three intensive hydrodynamics experiments lasting several weeks each. Water quality monitoring was aimed at resolving seasonal changes in temperature, salinity, density gradients, dissolved oxygen, nutrient concentrations, and phytoplankton biomass and speciation. Such variables have been measured previously in Rodeo Lagoon, but not on a systematic basis. The hydrodynamics experiments, meanwhile, were focused on resolving the response of lagoon currents and turbulent mixing rates to external forcing under various seasonal conditions. These external energy sources, such as wind stress, diurnal heating and cooling, and freshwater inflow, tend to vary on rapid timescales (hours to days) as well as seasonally. By combining the two types of monitoring, we ensured that the hydrodynamics data captured the range of lagoon conditions over an annual cycle.
Field observations-Seasonal monitoring: Seasonal changes in water quality and water column structure were monitored over a 2-yr period from March 2006 to April 2008 using a variety of methods. Approximately monthly we collected 15 vertical profiles on a longitudinal transect (Figs. 1, 2) with a Sea-Bird 19+ SEACAT (Sea-Bird Electronics) equipped with temperature, conductivity, depth, and oxygen channels. The instrument package also included sensors for Chl a fluorescence and turbidity (SCUFA, Turner Designs) and photosynthetically active radiation (PAR; LI-193SA, LI-COR). Throughout the same time period, but with greater frequency in 2007, we collected grab samples for laboratory analysis of nutrients, Chl a content, and phytoplankton species identification. While collecting grab samples, we concurrently took measurements with a handheld oxygen, conductivity, salinity, Moored conductivity-temperature-depth sensors (CTDs; XR-420, RBR), which logged every 30 min, were placed near the center of the lagoon for most of April through December 2007, collecting data near the surface and bottom on a total of 195 d. In addition, the Sea-Bird 19+ package described above was moored near the center for 27 d in November 2006.
Hydrodynamics experiments: To understand lagoon hydrodynamics over timescales within each season, we conducted three detailed experiments in July 2007, January 2008, and April 2008, during which times the lagoon was well-mixed in terms of salt, stratified by salt, and transitioning between the two, respectively. In each experiment we deployed several CTDs and a Nortek Vector acoustic Doppler velocimeter (ADV) in the middle of the lagoon (Fig. 1) . The ADV was located with a sampling volume 20 cm above the bed and sampled at 16 Hz for 6 min every hour. Because the lagoon is typically a very low-energy environment, we used the lowest velocity range setting, which can resolve horizontal velocities up to 0.05 m s 21 and vertical velocities up to 0.02 m s 21 . This setting produced some data errors under windy conditions, when wave orbital velocities exceeded that threshold. Nortek Vectors are equipped with compass and tilt sensors so that the absolute orientation of the probe is known, but instrument compass performance was compromised by magnetic interference, so only the tilt is known accurately.
We also deployed a Self-Contained Autonomous MicroProfiler (SCAMP; Precision Measurement Engineering; Head 1983) in the lagoon on multiple days during each experiment. On each day, we collected between 30 and 62 profiles in the main lagoon basin. Rodeo Lagoon is among the most shallow water bodies ever sampled with this microstructure profiler, which required adaptations for handling the instrument. The SCAMP was used in downward profiling mode and was lowered through the water column on a rigid pole at approximately 10 cm s 21 , rather than drifting on a tethered line, which is the more typical mode of operation. We ensured a smooth descent at the appropriate velocity by marking the pole in 10-cm sections and lowering one section per second. The pole apparatus was used to ensure that the instrument's delicate end sensors would not be damaged by contact with soft sediments at the bottom of the lagoon; at the same time, this method allowed the instrument to be used relatively close to the bed. Using small flexible tubing, we extended the pressure sensor from the top of the instrument to the sensor end to allow for data collection nearer to the surface than would otherwise be possible: the instrument is about 0.7 m in length, and the water column was less than 2 m deep during sampling in July 2007. During the January 2008 experiment, we also deployed near the lagoon center a vertical array of 15 thermistors (SBE 39, Sea-Bird Electronics) sampling every 90 s.
To monitor wind forcing, during the January 2008 and April 2008 experiments we installed an anemometer (model 05106, RM Young) on the north bank of the lagoon about 2 m above the water surface. In addition, information about wind forcing is available from National Oceanic and Atmospheric Administration (NOAA) Station 9414290, located 5.6 km from Rodeo Lagoon at the southern end of the Golden Gate (37u48.49N, 122u27.99W) and referred to here as the Golden Gate weather station. Both data sources provide wind speed and direction data at a 6-min interval. Rainfall data are from the National Weather Service's Cooperative Station 047772 in downtown San Francisco, about 11 km from the field site. Significant wave height data are from NOAA buoy 46026, located 27 km offshore. Solar radiation data were provided by the City and County of San Francisco, which operates a solar monitoring station located in northwestern San Francisco, 7 km from the field site.
Analysis methods-Profiling data collected with the SeaBird instrument package are reported as averages from 5-cm depth bins, with the exception of PAR; we calculated light extinction coefficients k e using a log-linear fit of the unbinned PAR data vs. depth. Chl a concentrations, a proxy for biomass, were measured using visible spectrophotometry (Arar 1997) Samples for nutrient content analysis were collected in acid-washed containers and passed through 0.7-mm glassfiber filters prior to storage and analysis. Pore-water samples were obtained by centrifuge extraction and filtration of sediment samples. Concentrations of orthophosphate and nitrate + nitrite were determined colorimetrically using a Bran and Luebbe AutoAnalyzer II (Whitledge et al. 1981) . Ammonium (NH z 4 + NH 3 ) was determined using the phenol-hypochlorite method of Solorzano (1969) . Bulk samples for phytoplankton identification and quantification were preserved in acid Lugol's solution and examined by light microscopy (Booth 1993) ; of interest to this study were cells measuring greater than 1 mm in diameter.
We converted data from the continuously recording depth sensor to a time record of water volume using lagoon geometry. The volume-depth relationship is derived from a bathymetry survey we completed in April 2008 combined with a perimeter survey from June 2008, which is shown in Fig. 1 . The relatively low water level at the time of the two surveys necessitated a small extrapolation of the known bathymetry to calculate volume at higher water levels.
To convert wind speed from the Golden Gate weather station to a surface wind friction velocity via the formula w * 5 (C D ) 1/2 U wind, we applied the formula of Yelland and Taylor (1996) , which has a minimum value of C D at 6 m s 21 . Using a constant value of C D has only a minor effect on the results discussed below. For comparison with ADV data, we created hourly averages of w * . For comparison with SCAMP data, we averaged wind velocities over the entire time period that SCAMP was in use on each day of sampling; we included the hour preceding sampling.
We summarized ADV data from each burst (1 sample h 21 ) to focus on processes operating at diurnal and longer timescales. Prior to any other processing, the raw ADV data were rotated into a principal horizontal axis (u), a secondary horizontal axis (v), and vertical axis (w). Then, before calculating burst averages and fluctuating velocities within each burst, we first filtered some suspect data points from the record. All three velocity components (u, v, and w) were removed from a burst if either instantaneous horizontal velocity measurement differed by more than 0.03 m s 21 from the median burst value. The remaining data points within each burst were decomposed into time-averaged and fluctuating velocities according to the definition u 5 U + u9, where U is the average over the entire 6-min burst. The three components of the burst-averaged Reynolds stress tensor, t 1,3~{ ru 0 w 0 , t 2,3~{ rv 0 w 0 , and t 1,2~{ ru 0 v 0 , use these fluctuating velocities from within each burst. The turbulent transfer of momentum from horizontal to vertical is represented by a bed stress that is the vector sum of two of these Reynolds stress components:
Assuming the ADV is sensing the bottom boundary layer, the scaling t bed 5 ru * 2 can be used to translate the Reynolds stress into a shear velocity. Thus,
Density stratification, whether due to temperature or salt, is quantified via the buoyancy frequency N, defined as N~ffi ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi {(g=r 0 )(Lr=Lz) p . For comparison with hourly estimates of u * and w * , we used two point values of density, one near the surface and one near the bottom, to calculate hourly values of N 2 . Density data are derived from the moored CTDs located at the center of the lagoon during each experiment.
To assess variability among u * , w * , and N 2 beyond the diurnal timescale, we averaged their values over 24 h with an averaging window that spans from 06:00 h to 05:00 h, which corresponds to a minimum in the observed diurnal variability of the wind. This aggregation over the course of a day is useful, because there is a time lag between peak winds and turbulent mixing. The exact duration of this lag is unknown and presumably varies with each wind event.
Before using the SCAMP data to calculate dissipation, scalar diffusivity, and similar quantities, each profile was manually trimmed to include only those data collected when the instrument was traveling downward at the appropriate speed, then divided into non-overlapping segments of 128 data points, which corresponds to about 13 cm along a vertical profile. A very small number of profile segments with an insufficient fall velocity (, 5 cm s 21 ) were excluded from further analysis. For the January 2008 data, we aligned the segments with the top of the pycnocline, defined for segmentation purposes as the point corresponding to 10% of the total density jump across the pycnocline as measured from the surface (see Fig. 3 ). In April 2008, the pycnocline was located very close to the bottom; to avoid discarding valuable information at the bottom of the profile, the segments were aligned with the bottom.
Analysis of SCAMP data relies on the Taylor frozen turbulence hypothesis, which allows conversion of thermistor data from the frequency to wavenumber domain. The dissipation of temperature variance, x, is defined as
ÞT, where D T is the molecular diffusivity of temperature, hT9/hz is the vertical gradient in the temperature perturbations measured by the SCAMP's fast thermistors, and angle brackets indicate a segment average. We followed the standard methods of Luketina and Imberger (2001) and Ruddick et al. (2000) to calculate x and the turbulent kinetic energy dissipation, e, by fitting the Batchelor spectrum to temperature microstructure data from each segment. To improve handling of noise contamination during Batchelor curve-fitting, the calculation method for x and e followed the modifications suggested by Steinbuck et al. (2009) . Poor Batchelor fits were identified using the spectral fit criteria of Ruddick et al. (2000) , thus:
Values of e from those fits with an R-value above a threshold of 2.0 (July 2007 data) or 2.5 (all 2008 data) were rejected, with the criteria based on a visual inspection of the Batchelor fits. Data from 2008 generally had better Batchelor fits as a result of greater temperature variability in the water column. By contrast, values of x from all segments were used. Thorpe displacements are identified by subtracting the density-sorted profile from the original profile. The Thorpe scale, L th , is defined as the root mean square of Thorpe displacements within each segment. Though a measured quantity, the Thorpe scale is typically of comparable magnitude to the more theoretical Ozmidov scale (Thorpe 1977; Dillon 1982) . In calculating L th , we excluded all Thorpe displacements smaller than the resolution of the instrument, 1 mm. N 2 is also calculated for each segment using the density-sorted profile.
Assuming a local balance of production and dissipation in the temperature variance budget (Osborn and Cox 1972 ), x and the mean vertical temperature gradient LT Lz can be used to estimate the turbulent heat flux w 0 T 0 and thus the turbulent temperature diffusivity K T :
Values of LT Lz were calculated using the density-sorted temperature record for each segment (Nash and Moum 2002) . We further assume that the K T is a representative diffusivity for other scalars of interest, such as salt and dissolved nutrients.
Turbulence phase diagrams of the turbulent Reynolds number, Re T , and the turbulent Froude number, Fr T , are a common way to visualize the state of turbulent mixing. The method of Ivey and Imberger (1991) 
The reported profiles of N 2 are averaged over all instrument drops from each day into 0.05-m depth bins. Values of K T , Re T , and Fr T are logarithmically averaged within 0.1-m depth bins. Data from each segment were assigned to a depth bin based on the average depth of the segment. Logarithmic averaging within depth bins is the last step in the calculation of K T , which is first calculated using individual segment values of x and LT Lz, not bin averages of those variables. For the comparison of wind forcing with the buoyancy flux, defined as K T 3 N 2 , we present the log-averaged value over the entire water column.
Results
Stratification-The predominant feature of lagoon water quality is vertical density stratification, which varies dramatically on both seasonal and diurnal timescales. Throughout the wet season, it is typical for a lens of brackish water to be present at the bottom of the lagoon (Fig. 2) , creating very strong vertical gradients in salinity and density that subsequently allow gradients in temperature, oxygen, and other water quality variables to develop. Steep salinity gradients of 15 over , 30 cm are typical, corresponding to 0.1 , N 2 , 1.0 s 22 . In contrast to this very strong vertical stratification, in the horizontal direction salinity tends to be homogeneous, with the exception of a small zone (, 100-m lateral extent) of fresher water created by the mixing of inflow from Rodeo Creek.
Vertical salinity structure near the center of the lagoon, which is representative of most of the main basin, shows pronounced seasonal variability as the brackish layer is formed and eroded (Figs. 3, 4A) . Salt water is able to enter the lagoon during the winter because of the passage of storms over the adjacent Pacific Ocean, which has two related effects (Fig. 4B) . First, these storms generate ocean waves that are high enough to overtop the beach berm. Second, rainfall associated with winter storms fills the lagoon and cuts an outlet channel through the beach, thereby reducing distance and height barriers for salt water to reach the main basin of the lagoon. Once brackish water enters, rather than flowing out it is retained in the lagoon by the beach berm and a sill located between the main basin and the outlet channel. The result is a two-layer density structure of brackish water overlain by fresher water (Figs. 2, 3A) .
As the wet season comes to an end, typically in late winter and spring, the brackish layer slowly mixes into the overlying water column, with new inflows of salt water occurring only intermittently. During this transition interval, the brackish layer decreases both in volume and salinity (Fig. 3B) . By the arrival of the dry season in early summer, the outlet channel is typically closed, and no further significant inflows of salt water occur, allowing the water column to become well-mixed in terms of salinity (Fig. 3C) . With the outlet channel closed and only limited creek inflow (, 5 L s 21 ), salinity gradually increases throughout the dry seasons of summer and fall as evaporation exceeds freshwater renewal (Fig. 4) . This slow increase in salinity is naturally more pronounced in dry years, such as 2007, than in wetter ones, such as 2006, as a result of lower creek inflows. Beginning immediately with the arrival of winter storms, this annual cycle of stratification by brackish water repeats itself.
Although salinity stratification dominates the density structure of the lagoon during the wet season, vertical temperature gradients also develop throughout the year in response to diurnal forcing by solar radiation and wind (Fig. 5) . Sunny days are often windier because of sea-breeze development, but solar radiation is still sufficient to cause stratification. Temperature stratification during the dry season, when the lagoon has uniform salinity, reached observed values as high as 2uC over a vertical distance of only 1.1 m, corresponding to N 2 5 5 3 10 23 s 22 (Fig. 5B ). This N 2 value is several orders of magnitude smaller than the density gradients produced by salinity but occurs when there is no salinity structure and is still large enough to have potential significance for phytoplankton growth, particularly for buoyancy-regulating cyanobacteria (Sherman and Webster 1994) such as the M. aeruginosa found here. The ease with which this very shallow water column achieves strong vertical temperature stratification is due to a combination of two factors: limited energy input for mixing and very strong light absorption. The first of these two factors will be discussed in the next section. As discussed earlier in this article, the lagoon has extremely high values of phytoplankton biomass, particularly in summer, which results in efficient light absorption. A multiple regression of observed light extinction coefficients k e on surface Chl a concentrations and turbidity reveals a strong correlation among the variables, with surface Chl a alone explaining 73% of the variance in k e and the two variables together explaining 93% of the variance (Fig. 6) . The seasonal variability of k e is consistent with phytoplankton self-shading, which peaks in summer, combined with inputs of fine particles suspended in wet season inflows, which both scatter and absorb light. Turbidity alone explains 41% of the variance in k e , largely because of the contribution of these fine particles in the wet season (see Fig. 6B, early 2006 ). Presumably as a result of light absorption by phytoplankton, k e values always exceed 2 m 21 in summer, and it is common for the bottom of the lagoon to receive less than 1% of the PAR that the surface layer receives. The net result of this strong light absorption is a predictable pattern of sunny days rapidly producing a stable water column, which persists throughout the afternoon and occasionally for longer than 24 h (e.g., 04 July 2007-06 July 2007; Fig. 5 ).
During the winter and early spring, salt stratification controls the density structure and inverse temperature stratification is observed. The actively mixing surface layer, which mainly consists of cold inflows from the watershed, displays diurnal temperature variability extending down to the top of the pycnocline (Fig. 7) , with probable nighttime convection caused by surface cooling. Meanwhile, the lower, insulated brackish layer is consistently warmer than the overlying freshwater and does not display strong diurnal temperature variations.
Hydrodynamics-Rodeo Lagoon is a fairly low-energy environment, with nearly all physical forcing provided by the wind. Tidal energy does not propagate into the lagoon except as a slow-moving influx of salt water during hightide or high-wave conditions, and energy from freshwater inflow is mostly dissipated by large boulders around the inlet structure. The local wind direction is usually aligned with the long axis of the lagoon, resulting in co-aligned currents and waves that easily produce Langmuir circulation patterns on the water surface (Szeri 1996) .
Mean velocities in Rodeo Lagoon are quite low. Our ADV observations of burst-averaged velocity 20 cm from the bed were typically less than 0.02 m s 21 . Wave orbital velocities are even smaller; as a result of fetch limitations on wave height, wind waves do not penetrate very far into the water column except under high winds. The expected significant wave height H 1/3 and frequency, v, for fetchlimited wind waves are
where X is the fetch (m) (Hasselmann et al. 1973 Additionally, spectral power in the wind wave band makes only a minor contribution (, 15%) toward the total spectral power of u9 or the total cospectral power of u9 and w9. An important exception occurs under very windy conditions, when the observed wave orbital velocities exceed 0.01 m s 21 and velocities are not well-resolved. Even if wave orbital motions have difficulty penetrating the bottom boundary, wind-generated currents and turbulence do reach the bottom, at least under well-mixed conditions. In the ADV data from July 2007, there is a positive correlation, albeit a weak one (r 2 5 0.16; Fig. 8A ), between wind stress, w * , and the shear velocity calculated from the Reynolds stress at 20 cm above the bed, u * . Also, mean velocities from the July 2007 experiment showed a diurnal variability that is clearly a reflection of diurnal variations in the local sea breeze.
Wind energy also reaches the bottom as a result of pycnocline seiching, as seen in the thermistor record for the afternoon of 20 January 2008 ( Fig. 7; 10u and 11u isotherms). The expected period for the first mode of oscillation in a two-layer, two-dimensional system (Kalff 2001 ) is
where L is the length of the basin, r 1 and h 1 are the density and depth of the lower layer, and r 2 and h 2 are the density and depth of the upper layer. Applying values from Turbulent mixing rates also depend on wind, as expected. Specifically, the buoyancy flux K T 3 N 2 shows a fairly strong log-linear correlation with wind speed (Fig. 9) . This is true whether wind speed is measured 2 m above the water surface at the field site (r 2 5 0.95) or 10 m above the water surface at the more distant Golden Gate weather station (r 2 5 0.55).
Stratification, whether weak temperature stratification or strong salt stratification, clearly reduces the coupling between wind stress and bed stress. For example, when the lagoon is salt-stratified, as it was in January 2008, Reynolds stresses near the bed are much lower for a given wind stress, compared to when the lagoon is well-mixed (Fig. 8) . Also, the relationship between the two variables is extremely weak (r 2 5 0.05 for January 2008; Fig. 8B ).
In fact, density stratification can reduce the effect of wind stress on turbulent mixing on the timescale of days, not merely on a seasonal basis. In each of the July 2007 and April 2008 experiments (but not in the January 2008 experiment), N 2 varied considerably over the deployment. In July 2007, weak temperature stratification was present, reaching peak values of N 2 , 10 23 s 22 on warm, sunny days. In April 2008, density stratification was more dependent on salinity gradients, ranging from N 2 , 5 3 10 22 s 22 at the start of the deployment to N 2 , 10 25 s 22 at the end. The relationship between bottom stress and wind stress is most simply expressed by the ratio of the shear velocity and surface wind friction velocity, u * /w * . There is significant negative correlation between this ratio and the buoyancy frequency, as represented by log 10 N 2 ( Fig. 10; r Just as near-bottom Reynolds stresses are affected by seasonal changes in stratification, so too are turbulent scalar diffusivities affected in time and space by salt stratification. Observations with the SCAMP indicate that K T is reduced directly below the pycnocline by more than two orders of magnitude (Fig. 11) . In extreme cases, the decline in K T is as much as three orders of magnitude over less than 1 m (see Fig. 11B ). By contrast, when the lagoon is relatively well-mixed, the variation in K T from its mean is less than one order of magnitude (see Fig. 11A ). Similarly, in the well-mixed region above the pycnocline the variation in K T is less pronounced among sampling days, varying between about 10 24 and 10 23 m 2 s 21 regardless of the stratification conditions below.
Below the pycnocline, turbulence is damped by stratification to the extent that motions are typically wavedominated in this region rather than displaying active turbulence. In a plot of Re T and Fr T in a turbulence phase diagram with regions of active turbulence, buoyancyaffected turbulence, and waves demarcated after Ivey and Imberger (1991) (Fig. 12) , most data points in the 'active turbulence' region ( Fig. 12A) are from above the pycnocline. Very few points lie in the region of most efficient turbulent mixing, where the flux Richardson number, R f , exceeds 0.15. Furthermore, there are relatively few points in the buoyancy-affected region, probably because the pycnocline, if present, is so sharp that very few data points exist in this part of the vertical profile. Most points in and below the pycnocline are near the 'waves' region (Fig. 12C) , but with lower Re T and higher Fr T values than are typically observed for wavy flows. This unusual trend is due to the extremely low values (, 1 cm) of L th we observed in and below the very strong pycnocline. In this region, vertical diffusivity is close to its molecular value (see Fig. 11B ). By contrast, in portions of the water column that are comparatively well-mixed, we observe Re T and Fr T values that are consistent with active turbulence.
A mixing event we observed in April 2008 provides further evidence that high wind speeds result in displacement and rapid mixing of the brackish layer. As winds approached 10 m s 21 on 14 April 2008 (Fig. 13) , salinity in the comparatively well-mixed surface layer (N 2 , 1 3 10 24 ; Fig. 11 ) gradually increased from 9.2 to 10. Meanwhile, salinity at the bottom of the lagoon rapidly decreased over 2 h, from 20 to 10, reflecting a combination of mixing of the brackish layer past the point of the moored CTD and downwind displacement of that layer. Salinities rebounded on the evening of 14 April 2008, 6 h after the peak winds occurred at 14:00 h, which may represent a gravity current of brackish water returning after wind setup relaxes. An approximate travel time for a shallow-water gravity current (Shin et al. 2004 ) is
where L is the distance traveled, H is the total depth, h is the depth of the gravity current, and Dr is the density difference between the two layers. Applying values from 14 April 2008 (H 5 2 m, Dr 5 6 kg m 23 , h , 0.1 m, L , 300 m), the front travel time estimate is 1.1 h. This indicates that if a gravity current of displaced brackish water was responsible for the rebound in salinity, it did not begin to move for several hours after wind speed peaked.
Water residence time-Flushing time (T f ) and residence time (t) are closely related parameters that measure the amount of time that water or scalars spend in a waterbody. Both measures are related to productivity in aquatic systems by way of their respective relationships with the supply of water and nutrients, the time available for settling, and the time available for phytoplankton communities to grow (Kalff 2001) . In estuaries, these two characteristic times typically have slightly different definitions from one another; flushing time is a bulk parameter for the entire waterbody, whereas residence time is specific Fig. 9 . Buoyancy flux K T 3 N 2 (m 2 s 23 ) as a water column average calculated with SCAMP data and its log-linear correlation with wind speed. Wind speed data are available from the Golden Gate weather station for all 8 d of diffusivity measurements (crosses), but data are only available from the local weather station for six of those days (circles). Local wind speeds are slower because the anemometer was closer to the water surface. to a particular water parcel and may vary throughout an estuary as a result of spatial variability in flushing (Geyer et al. 2000; Monsen et al. 2002) . In limnology, where spatial variability is less of a concern, flushing time and residence time are considered equivalent measures because of the longer timescales (, years) typically involved (Kalff 2001) . In Rodeo Lagoon, flushing and residence times will be about the same under well-mixed conditions, since the lagoon is fairly small and horizontally homogeneous. However, under salt-stratified conditions, residence time will differ from flushing time, with different residence times for the two layers.
Freshwater inflow during the wet season is almost exclusively responsible for flushing the lagoon, with large swings in water volume occurring as the outlet intermittently opens and closes. To calculate flushing time in winter, an adaptation of the tidal prism method for the case of no return flow (Monsen et al. 2002) was applied, thus:
where V avg is the mean basin volume, T is the duration of the fill-drain period, and P is the volume between high and low water. This estimate of T f,freshwater assumes that the entire lagoon volume is actively mixed, when in fact the lagoon is density-stratified by salt water. The presence of two layers means the fresher water has a shorter residence time as it short-circuits across the top of the lagoon, while the brackish layer has a much longer residence time. Salty water can fill up to a maximum of half of the lagoon volume, which means the residence time for freshwater could be up to half as long as the whole-lagoon flushing time of 23 d calculated above.
We assumed that the residence time of brackish water depends entirely on turbulent mixing into the overlying water column, since bathymetric restrictions typically prevent it from directly exiting the lagoon via the outlet channel. A rough estimate of the residence time is as follows:
where M brackish water is the mass of salty water below the pycnocline, K T is the vertical turbulent scalar diffusivity, hr/hz is the vertical density gradient, and A is the area of the pycnocline. The mass of salty water was calculated with lagoon bathymetry taken into account. Figure 3 shows the two density profiles used in this calculation, which were collected with the SCAMP on 16 January 2008 and 14 April 2008. In the January profile, salty water fills much of the water column, whereas in April it is confined to the very bottom of the lagoon. The density gradient hr/hz was defined using the peak value from the binned SCAMP segments (see Fig. 11 ). To represent the salt flux across the pycnocline, values of K T for each day are the logarithmic average of SCAMP profile segments collected within 0.1 m of the peak value of hr/hz. Table 1 lists the inputs into calculation of residence time for the salty layer. The estimates for residence time of the salty water show a large range (12-4700 d) because of the different conditions present in the lagoon when the two profiles were collected. In January, a large volume of salty water was present, while in April much less salt remained. Also, in April, higher wind speeds resulted in an elevated value of K T compared to January. In fact, the salty layer mixed out completely over the ensuing days after this density profile was collected (Fig. 13) , corroborating the estimate above. Likewise, a salty layer was observed in the lagoon throughout the spring of 2008, consistent with the longer estimate of t for January. The January estimate of 4700 d is clearly an upper bound on the true value of the residence time, since it assumes constant mixing when in fact mixing rates vary temporally based on wind speed, and because some salty water found mid-water column may have flowed out when the outlet was open in January or March 2008.
In summer, the lagoon's water balance is dominated by a small freshwater inflow (, 5 L s 21 in 2007) and evaporation; outflow is only possible as slow seepage through the beach berm. Because the basin acts like a closed system for scalars like salt and sediment, which have no large sources or sinks in summer, the concept of 'flushing time' breaks down. For example, between 01 June and 01 October 2007, when no rainfall occurred and the lagoon outlet was closed, salinity increased by 44% (Fig. 4A) , while volume decreased by 43%. The net effect is only an 18% loss of salt mass over 4 months, which is most likely due to seepage losses toward the beginning of the summer, when the water surface elevation is higher than mean sea level. No appreciable flushing occurs in summer; the residence time can effectively be defined as the period between breaches of the lagoon outlet, which typically is on the order of 5-7 months (D. Fong pers. comm.).
To summarize, Rodeo Lagoon is rapidly flushed by inflow from the watershed during the wet season. The average surface layer residence time during winter is less than a month. By contrast, the residence time for the lower brackish layer is much longer, on the order of a few months and orders of magnitude longer than the residence time of the overlying surface layer. In summer, when no appreciable scalar flushing occurs, the residence time is on the order of 6 months.
Water quality-Rodeo Lagoon is a hypereutrophic system with a phytoplankton biomass peak in late summer, when little surface inflow occurs. The 2007 summer dry season, which extended through October and featured a peak Chl a concentration of 1043 mg L 21 in late August (Fig. 6) , is also when we observed large fluctuations in dissolved oxygen saturation and peak nutrient concentrations in the lagoon (Fig. 14) .
Dissolved oxygen concentrations near the surface reflect a balance of photosynthesis, respiration, and transfer across the air-water interface. Supersaturated dissolved oxygen conditions (Fig. 14) are associated temporally with peaks in phytoplankton biomass and its rate of increase Fig. 14. Concentrations of dissolved orthophosphate, ammonium, and nitrate + nitrite (mmol L 21 ) and dissolved oxygen (% saturation). Nutrient grab samples were collected from the lagoon's well-mixed surface layer (white), near the lagoon bottom (black), and at the location of watershed surface inflow (gray). Nutrient samples collected on 11 December 2007, 11 January 2008, and 14 February 2008 represent salt-stratified conditions, while others represent more well-mixed conditions in terms of salinity. Dissolved oxygen concentrations were measured in situ and are for the surface layer only. (Fig. 6) , while hypoxic conditions immediately follow declines in phytoplankton biomass. Specifically, the hypoxia in August and September 2007 probably resulted from a die-off of a large bloom of the centric diatom Chaetoceros muelleri var. muelleri and the cyanobacterium M. aeruginosa, combined with a proliferation of mixotrophic flagellated protozoa. Dissolved oxygen concentrations in winter and spring (not shown) are typically closer to 100% saturation.
In summer 2007, nutrient concentrations were consistently higher in the lagoon than in inflow from the watershed. These results are consistent with a 2006 study of watershed nutrient fluxes, which found that total nitrogen and total phosphorus concentrations in the lagoon peaked during the summer dry season, when they also exceeded those at sites sampled upstream (Silkie 2008) . The observed peaks are in excess of that assumed to be due to concentration of lagoon nutrients by summer evaporation. Instead, remineralization of nutrients from detritus in the water column and bottom sediments is a more plausible explanation. Because the processes of ammonification and nitrification are anaerobic and aerobic, respectively, the former could proceed under the increasing hypoxic conditions, while the latter would be slowed or even halted, resulting in the observed accumulation of ammonium in the water column in September and October 2007. Additionally, hypoxic conditions probably promoted the release of orthophosphate from sediments into the water column. The bottom of the main basin is covered with fine, black, organic-rich sediment with high oxygen demand and high nutrient pore-water concentrations. Concentrations of orthophosphate, for example, were 60 mmol L 21 in July 2007 pore-water samples, compared to , 1 mmol L 21 in the water column.
In the winter, inflows from the watershed contain much higher concentrations of dissolved nutrients than in summer. This is particularly true for nitrogen (ammonium and nitrate + nitrite). For orthophosphate, the wet season is the only time when inflow concentrations exceed those already in the lagoon (Fig. 14) . Such influx of orthophosphate, especially in terms of N : P ratios, is particularly important to the dominance of nitrogen-fixing cyanobacteria, such as N. spumigena (Paerl 1988) . Nutrients are also transported from the watershed in the form of suspended organic matter, which is not reflected in the dissolved nutrient analysis discussed here. When salt stratification is present, dissolved nutrient concentrations are typically higher in the lower brackish layer, a trend that cannot be explained by the typically low nutrient concentrations in the adjacent Pacific Ocean (Wilkerson et al. 2002) . This trend, which is particularly strong for ammonium (Fig. 14) , is not surprising considering the high organic content of the bottom sediments.
Discussion
Hydrodynamics and nutrient retention-The lagoon's hypereutrophic status is partly a consequence of hydrodynamics. Despite being quite shallow, with a maximum depth of less than 2.5 m, Rodeo Lagoon exhibits periods of strong vertical density stratification. In winter, this vertical stratification is due to brackish water from ocean inflows and persists for weeks to months. Wind is the dominant source of mixing because of a lack of other energy inputs, but density stratification makes it difficult for wind waves to energize the brackish layer. Stratification by brackish water leads to a pronounced suppression of turbulence below the pycnocline. In and below the pycnocline, the observed values of Fr T and Re T are frequently more consistent with wave-type motions than active turbulence. K T is close to molecular values in this region, representing a three-orders of magnitude reduction of the vertical scalar diffusivity across the pycnocline.
Winter stratification by brackish water has important implications for nutrient retention in the lagoon. Density stratification apparently confines nutrients released from the sediment into the lower layer, which has a long residence time of up to several months, compared to the rapidly flushed overlying fresh layer. This lower layer has elevated nutrient concentrations, particularly of ammonium, as a result of its contact with the bed, which contains the particulate remnants of the previous summer's phytoplankton and macrophyte growth. Meanwhile, the surface layer, with its much lower residence times, has limited interaction with this nutrient-rich lower layer. By dramatically reducing turbulent mixing rates near the bed of the lagoon in winter, density stratification therefore acts to help the lagoon retain nutrients rather than export them.
Destratification by wind mixing, a process we closely observed in April 2008, allows for the redistribution of nutrients from the bottom brackish layer and sediments into the photic zone. The timing of this destratification is important: it typically occurs after the outlet channel has closed for the summer, which inhibits any further export of nutrients out of the lagoon. It is therefore probable that artificially managing the opening and closing of the outlet channel, a practice that was formerly common when the lagoon and its watershed were managed by the military (Striplen et al. 2004) , would affect summer nutrient concentrations.
Implications for phytoplankton-In winter, freshwater inflows reduce overall phytoplankton abundance in two ways: by producing a detrimental decrease in salinity for any freshwater-intolerant species living near the surface and by direct removal of surface phytoplankton by flushing. However, the mechanism of direct removal by flushing is not particularly efficient. For example, prior to rain events in 2007, algal biomass was relatively constant with depth rather than concentrated at the surface, diminishing the potential effect of freshwater flushing by surface waters. More importantly, since density stratification limits turbulent scouring of the bed, not only is net nutrient accumulation by detrital algae and macrophytes possible, so is reseeding of certain phytoplankton populations from resting spores remaining in the bottom sediments. For example, potentially viable N. spumigena resting spores (akinetes) were found to a depth of 20 cm in Rodeo Lagoon sediments. As indicated by small values of u * and reduced values of K T near the bed, the rapidly flushed freshwater layer has a limited ability to mobilize organic sediments or dissolved nutrients found at the sedimentwater interface. Without a full-scale flushing of the lagoon, these nutrients and phytoplankton live cells and spores remain in the bed.
Phytoplankton growth in summer is fueled by a combination of long residence times and plentiful nutrients. As a result of the pronounced dry season and loss of connectivity with the ocean, the water residence time in summer is on the order of several months. Phytoplankton are not exported out of the system because of negligible outflows, so abundance can increase more easily. Likewise, in summer, internal loading of nutrients from the sediment can serve as an important factor in sustaining phytoplankton populations; any nutrients released from the sediment can be used and recycled multiple times. Although the lagoon has a well-mixed salinity profile in summer, we observed diurnal temperature stratification caused by strong light absorption, which could be advantageous to phytoplankton. Combined with long residence times and abundant nutrients, this helps support large summer phytoplankton blooms in the lagoon.
